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1X-ray emission from black-hole and neutron-star
binaries
TOMASO M. BELLONI
Abstract
In this chapter, I present the main X-ray observational characteristics of
black-hole binaries and low magnetic field neutron-star binaries, concentrat-
ing on what can be considered similarities or differences, with particular
emphasis on their fast-timing behaviour.
1.1 Introduction
The large amount of information that has become available in the past
two decades on high-energy emission from accreting X-ray binaries, both in
terms of number of observations and high-resolution high-sensitivity data,
have given us a much more complete view of the emission properties from
the inner regions of the accretion flow, close to the compact object. While
it is now nearly impossible to review all observational aspects, in this chap-
ter I will present an overview of the X-ray characteristics with a special
emphasis on the comparison between Galactic neutron-star (NS) and black
hole (BH) accreting systems. Since the strong dipolar magnetic field (B) in
the ‘standard’ X-ray pulsars dominates the accretion flow and prevents the
formation of nearly-equatorial accretion in the innermost few gravitational
radii around the NS, I will concentrate on low-field NS objects, most of
which are low-mass X-ray binaries (LMXB). As the size of the region inside
the innermost stable circular orbit (ISCO) around a BH and the size of a NS
are roughly comparable, one can expect that many properties of the accre-
tion flow and its emission would be in common between the two classes of
systems. However, the presence of a solid surface on a NS, which prevents ad-
vection of energy, must necessarily add another emission component, which
can be very complex as a boundary layer is formed. Moreover, the dipolar
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magnetic field in a LMXB, estimated to be in the range 108 − 109 G, is still
not negligible and must alter the properties of accretion in the innermost
regions, where its energy density is higher.
Optical observations of the companion star have now provided robust
dynamical mass measurements (see Casares and Jonker, 2014, for a recent
review). From the early days of X-ray astronomy, after it was realised that
the presence of a BH and/or NS was the origin of the strong high-energy
emission, we have tried to identify specific ‘signatures’ in the high-energy
emission, which would allow us to identify unambiguously the nature of the
compact object. While we know a few of these signatures for NSs, such as
coherent pulsations (now detected in more than a dozen accreting LMXBs)
and thermonuclear X-ray bursts, ‘smoking guns’ that reveal directly the
presence of a BH are still elusive (see van der Klis, 1994, for a review of the
observational status of the comparison between NS and BH before XMM-
Newton, Chandra and RossiXTE). This issue is strongly connected to the
detection of effects due to General Relativity (GR) in the strong field regime
as can only found in the proximity of a compact object, where the theory still
needs to be tested. The recent direct detection of gravitational waves from
coalescing BHs is of course one (Abbott et al., 2016), but the most precise
measurements to date come from binary pulsars, which are still hundreds of
thousands kilometres apart (see Burgay et al., 2014).
On the one hand, we are looking for a common observational scenario
that can be interpreted within a single accretion model, since the accretion
flow around BHs and weakly magnetised NSs is expected to be very similar.
On the other hand, it is important to find crucial observables that allow a
direct identification of the presence of a BH, in the way that pulsations or
thermonuclear X-ray bursts indicate the presence of a surface and therefore
of a NS. These observables would also allow us to measure additional pa-
rameters predicted by GR such as BH spin, relativistic precessions and the
presence of an ISCO (see Psaltis, 2008). There is considerable observational
effort aimed at measuring BH spins through X-ray spectra (see Middleton,
2016), although these methods all need to assume a BH mass, which until
now can only be measured through dynamical methods, i.e. indirectly. Al-
though it is true that optical measures have become much more accurate
in the past decades, the issue of absence of direct evidences does not de-
pend on measurement accuracy and cannot be solved in that way. Along
the way, we moved from the expression ‘black hole candidate’ to ‘black hole
binary’ (which admittedly sounds much better) for dynamically-confirmed
cases, relegating the former to systems without mass measurement, but the
situation has not changed and the associated caveats remain.
1.2 Neutron-Star binaries 3
This cannot be considered a full review. Here I outline the main X-ray
emission properties of accreting binaries containing a BH or a low-B neu-
tron star, limiting myself to those that can be used to establish similarities
or differences between classes. The focus is on timing properties, although
spectral information is also discussed as discussing timing only would not
allow to present a complete picture, necessary to understand these systems.
Moreover, I will limit myself to the X-ray band. This means I will ignore
huge parts of the field of the astrophysics of accretion onto stellar-mass com-
pact objects, which would also require much more space than available. This
text should be sufficient as an introduction and a companion to extricate
oneself through the extensive literature in the field.
1.2 Neutron-Star binaries
1.2.1 Evolution and subclasses
Since the 1980s, NS LMXBs have been divided into classes, based on the
timing and spectral characteristics. Since the spectral decomposition for
these systems is complex (see below) and significant variability takes place
on a time-scale of minutes to hours, the spectral variations are best followed
through the use of colour-colour diagrams (CCDM), where two spectral
‘colours’ (ratios between detected counts in two energy bands) integrated
over short time-scales (minutes) are plotted against each other. NS LMXBs
trace very clear patterns on their CCDM, moving in a smooth way without
major jumps in time (see figures 2.4 in van der Klis, 2006). Depending on
the shape of the CCDM track and the associated timing properties, classes
and subclasses were identified.
Six bright sources, all persistently at high X-ray flux, were called ’Z
sources’ as they trace a path roughly shaped as a letter Z. Of course the
precise shape of the path depends on the instrument and on the chosen en-
ergy bands; moreover, at different times the path can be observed to shift
in the CCDM. The six sources are: Sco X-1, Cyg X-2, GX 340+0, GS 349+2,
GX 5-1 and GX 17+2. A second subclass is that of ‘atoll’ sources, who owe
their bizarre name to the fact that their CCDM looks like a tropical atoll.
This class is much more populated, with dozens of systems known to date. In
addition, there is a class of sources at low luminosity, which typically show
type-I X-ray bursts, commonly referred to as ‘low-luminosity bursters.’ A
unique system such as Cir X-1 has long been considered not to be classifiable
in this scheme, although now it is added to the Z-source class.
The idea of following systems in the CCDM, which led to this colourful
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Figure 1.1 Left panel: HID of 4U 1636-53 from RXTE data. Solid lines
connect indicate movement to the right (hardening), dotted lines movement
to the left (softening). (From Belloni et al., 2007b). Right panel: HID for
the Z sources Cyg X-2 and GX 17+2, the atoll source source GX 9+9 and
the transient Aql X-1 (top), HID for the Z/atoll transient XTE J1701-462.
(From Mun˜oz-Darias et al., 2014).
terminology, comes from the difficulty of disentangling spectral components
in these systems. The presence of a number of spectral components that
emit in a comparable energy band make it difficult to follow changes on
short time-scales. The use of a purely observational tool such as the CCDM,
although instrument-dependent, allows to track these changes very effec-
tively. In addition, it was found that the properties of fast timing correlate
rather precisely with the position on the CCDM. In analogy with BH bina-
ries (BHBs), it is interesting to produce also a hardness-intensity diagram
(HID), where a single hardness is plotted versus intensity, for Z sources and
for transient and persistent atoll sources (see Figure 1.1). One can see that
atoll sources, both persistent (such as 4U 1636-53) and transient (such as
Aql X-1), follow a hysteresis cycle in the HID. In the case of 4U 1636-53,
during RossiXTE observations the flux oscillated with a quasi-period of 30-
40 d, following a loop in the HID. Other systems are not so regular, but their
behaviour is consistent (see figure 2 in Mun˜oz-Darias et al., 2014).
Until a decade ago, there was no agreement as to what the fundamental
difference between Z and atoll sources was. Although it was suspected that
accretion rate was responsible, the effect of a different value of the dipolar
magnetic field of the NS could not be excluded (see Hasinger and van der
Klis, 1989, for a review). Since the distances to these systems are in most
cases not determined, it is difficult to measure directly their luminosity. Even
for single Z sources, accretion rate was found not to be tracked by source
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intensity Hasinger and van der Klis (1989). In January 2006, a bright tran-
sient system appeared in the sky, XTE J1701-462 (Remillard et al., 2006a).
It was soon realised that this was a transient Z-source (Homan et al., 2007).
As the outburst progressed, the system passed through phases where it dis-
played CCDM shapes typical of all subclasses of Z sources, until after about
1.5 yr the accretion rate dropped rapidly and before reaching quiescence the
system went through a brief ‘atoll’ phase, showing clearly that the differ-
ence between classes can be ascribed solely to the effect of accretion rate
(see Homan et al., 2010, see also Figure 1.1).
Working with a large sample of systems from the RossiXTE archive,
Mun˜oz-Darias et al. (2014) have compared the HID properties of NS LMXBs
and proposed a general scheme to put together different classes (and to
compare them to BHBs, see below). Their unified diagram can be seen in
Figure 1.2, where a RMS-intensity diagram (RID) is shown [here hardness
is replaced by fractional root-mean-squared (RMS) variability, which how-
ever correlates well with hardness, and luminosity rather than count rate is
on the Y axis, necessary to compare different systems]. In this sketch, the
connection between Z and atoll sources is clear and only associated to a
difference in luminosity. In this diagram, the low-luminosity bursters live on
bottom-right branch, always in the hard state and at low luminosity.
One state is missing in this description, namely the quiescent state of tran-
sients, when accretion rate is low and instruments such as the RXTE/PCA
cannot detect X-ray emission. Most of the time, transients are in quiescence,
at an accretion luminosity below 1033 erg/s. While in the case of BHBs (see
below), any X-ray emission observed in quiescence can only come from the
accretion flow (with a possible contribution of the X-ray emission of the
companion late-type star), NS LMXBs feature a hard surface. This has two
practical effects: the first is that the energy from any residual low-level ac-
cretion must be released, even in case of inefficient accretion (see e.g. Menou
et al., 1999; Kong et al., 2002). The second is that if accretion stops com-
pletely, after the effects of accretion have disappeared, the cooling curve of
the NS can be measured (see e.g. Brown and Cumming, 2009). The presence
of the surface emission makes the positioning on the HID not very relevant.
1.2.2 Energy spectra
The energy spectra of NS LMXBs are complex. The presence of the hard
surface of the NS introduces an extra component that is in the same en-
ergy range than that (or those) from the accretion flow. As a result, two
different spectral models have been proposed at the end of the 1980s, which
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Figure 1.2 Schematic RMS-intensity diagram describing the position and
behaviour of atoll (A), bright atoll (A) and Z (Z) sources. A HID has
qualitatively the same shape. (From Mun˜oz-Darias et al., 2014).
.
have hardly been addressed until recent times, when a much larger num-
ber of spectra over different states have been accumulated, mostly by the
RossiXTE satellite. As one can see from Figure 1.2, the observations indi-
cate the presence of two main states, which need to be interpreted within
a common framework. These states are connected by intermediate states,
which add complications, but also allow a connection between hard and soft
states. The two ‘old time’ models are traditionally referred to as the West-
ern and the Eastern model. For the hard state, both models are compatibile
and consist of a hard Comptonised component with an electron tempera-
ture of dozens of keV, plus a softer thermal component with temperature
<1 keV that can be modelled as a black-body (BB) or a disk-blackbody
(DBB) (see e.g. Gierlin´ski and Done, 2002). These spectra are analogous to
those of BHBs in their hard state (see below) and as we will see their fast
timing properties are also very similar to those of BHBs. For the soft state,
the Eastern model (Mitsuda et al., 1989) includes a DBB (kT∼ 0.5–2 keV)
and a weakly Comptonised BB, while the Western model (White et al.,
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1988) decomposes the spectra as a blackbody from the boundary layer and
a Comptonised disk component.
Lin et al. (2007) analyzed a large number of RossiXTE observations, with
which they could follow the spectral changes of two atoll systems across
states and concluded that not only all combinations of a thermal and a non-
thermal component are degenerate, but that it is impossible to reconcile
observations in different states with the two models outlined above. They
proposed a third, hybrid model: in the hard state the spectrum is decon-
volved into a blackbody and a Comptonised component, like in the older
models. In the soft state, a three-component model is needed, consisting of
a DBB, a BB and a weakly Comptonised component. This model has the
advantage to maintain the L∝T4 relation expected for a DBB, to have a con-
stant area for the BB component (corresponding to that of the boundary
layer, around 15 % that of the surface of the NS), and to have a Comp-
tonised fraction compatible with that of BHBs. This work was extended to
the transitional system XTE J1701-462 (Lin et al., 2009) and to the persis-
tent Z source GX 17+2 (Lin et al., 2012), i.e. to systems at higher accretion
rate. The conclusion was that accretion rate drives the secular changes in
shape of the Z diagram, while the actual motion along the branches of the
diagram takes place at constant accretion rate and are driven by other mech-
anisms such as change in the Comptonised fraction, transition to a slim disk
solution and changes in the inner disk radius. All these results can be linked
very effectively with the characteristics observed in BHBs, as shown below.
The availability of X-ray instruments with high energy resolution has al-
lowed to detect and study additional components in the energy spectra of
NS LMXBs, such as Compton reflection features (broad iron lines and con-
tinuum). Several systems have been studied (see e.g. Di Salvo et al., 2015;
Degenaar et al., 2015, and references therein), which led to constraints to
the inner disk structure and inclination. I will discuss an application of these
models in combination to timing models for mass measurement below. Ad-
ditional non-thermal components have been detected in Z sources in the
form of hard spectral tails (see Migliari et al., 2007, and references therein).
They can contribute up to 10 % of the total flux and appear to be in general
stronger in the HB (see Figure 1.2). The possible interpretation proposed
range from non-thermal electrons in a corona or at the base of a jet (see
Markoff et al., 2005) to bulk motion Comptonisation in a converging flow
(Farinelli et al., 2008).
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1.2.3 Timing properties
The phenomenology of the observed features in the power density spectra
(PDS) of NS LMXBs is very extensive (see van der Klis, 2006, for a review).
Here I present the main points, in order to limit myself to the most basic
picture, which can then be compared to BHBs.
Low frequencies. At low frequencies (≤100 Hz) the PDS of NS LMXBs
are complex. In the hard state (see Figure 1.2), at least four zero-centered
Lorentzian components are needed to model the variability (see the left
panel in Figure 1.3) and the integrated fractional RMS is high, larger than
20 %. As one can see, with Lorentzian components no additional power-
law component is needed. One of the components (the one peaking around
1 Hz in the left panel of Figure 1.3) is narrower and can be identified as
a quasi-periodic oscillation (QPO). The four Lorentzian components, from
lower to higher characteristic frequencies, are called Lb, LLF , L` and Lu,with
a corresponding naming scheme for their characteristic frequency (Belloni
et al., 2002). The full PDS is flat-topped at frequencies below νb, declines
as ν−1 (with bumps), then ends as ν−2 above νu.
In the softer states, the characteristic frequencies increase and more obvi-
ous low-frequency QPOs appear. Three types of QPOs have been identified,
each corresponding to one of the three branches in the ‘Z’ path in the HID
(see Figure 1.3). Correspondingly, they have been dubbed horizontal branch
oscillations (HBO), normal branch oscillations (NBO) and flaring branch os-
cillations (FBO). NBOs are observed always around 6 Hz, FBOs are in the
range ∼ 4−20 Hz, while HBOs span a larger range, from ∼ 1 Hz to dozens of
hertz. (see van der Klis, 2006). HBOs are the most important for comparison
with BH systems (although NBO/FBO also appear to have counterparts in
BHBs): they are associated to a flat-top component which can be identi-
fied as a high-frequency extension of Lb. An example from XTE J1701-462
is shown in the right panel of Figure 1.3. The QPO often shows a second
harmonic component and a peaked-noise component at around νLF (in grey
in Figure 1.3).
High frequencies. At high frequencies (≥100 Hz) the picture is rather
different. While for hard states only the high-frequency end of Lu can be
seen, the softer states are dominated by the so-called killohertz QPOs. Their
main properties can be summarized in a few points:
• they are QPO peaks observed in the frequency range 200–1200 Hz, with
a Q factor (defined as the centroid frequency divided by the FWHM, an
indication of how coherent a peak is) that can be as low as a few, but in
some case as high as 200 (see Barret et al., 2005b,a). In 4U 1636-53, the
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Figure 1.3 Examples of PDS (in νPν form) from NS LMXBs. Left panel:
typical PDS from a hard state, from 1E 1724-3045. Right panel: PDS of
XTE J1701-462 featuring a strong HBO. The grey lines indicate additional
components (second harmonic and peaked noise, see text).
Q factor of the lower kHz QPO has a maximum of 180 Hz at ∼ 850 Hz,
while the upper kHz QPO has always a Q factor of a few (Barret et al.,
2005a).
• there are two distinct peaks, often appearing together, referred to as the
lower and the higher kHz QPO (see left panel in Figure 1.4). Their cen-
troid frequencies vary on time-scales as short as minutes, moving roughly
in parallel, i.e. maintaining (roughly) the same separation. The separa-
tion is for all systems around ∼ 300 Hz (with values between 200 Hz and
400 Hz, see Me´ndez and Belloni, 2007). There is a good correlation also
with spectral properties. In the right panel of Figure 1.4 all kHz QPO
detections in the RXTE/PCA data of 4U 1636-53 are shown in a plot of
their centroid frequency versus hard colour. The two peaks are clearly
separated into two different tracks, on which they move keeping roughly
the same separation.
• their centroid frequency is generally correlated with source luminosity on
short time-scales (hours), but the correlation disappears on long time-
scales and across different sources. In other words, while luminosity can
span orders of magnitude, kHz QPOs remain in the 200–1200 Hz range. A
possible interpretation of this phenomenon was presented by van der Klis
(2001)
• there are no special frequencies associated to single sources (Belloni et al.,
2007b). Their fractional RMS peaks at intermediate values and decreases
at low and high centroid frequencies (Barret et al., 2005a). In the well-
studied case of 4U 1636-53, the lower kHz QPO has a fractional RMS of
10 Black-hole and neutron-star binaries
∼ 9 % between 700 and 830 Hz, to decrease above and below, while the
upper kHz QPO has a fractional RMS peaking at 15 % around 700 Hz.
The drop in fractional RMS and coherence has been interpreted as caused
by the accretion flow reaching the innermost stable circular orbit (Barret
et al., 2005a, 2006, 2007) but an alternative scenario was also suggested
(Me´ndez, 2006).
While below 200 Hz there are low-frequency components that compli-
cate the detection of a low-frequency kHz QPO, the sensitivity of power-
spectral techniques to broad components does not depend on the cen-
troid frequency. Therefore, there is no drop in sensitivity above 1200 Hz,
the maximum observed frequency (although the sensitivity decreases for
broader peaks and at equal Q factor a higher centroid corresponds to a
broader peak).
• both lower and upper kHz show phase lags, but of different sign. A study of
the properties of kHz QPOs in 4U 1608-52 and 4U 1636-53 showed that the
lower kHz peak shows soft lags of the order of a few tens of microseconds,
while the upper kHz peak shows hard lags of smaller amplitude (de Avellar
et al., 2013).
• since their discovery, QPOs in NS LMXBs have been associated to the
spin of the compact object. Now we know the spin period of the NS in a
good number of systems and this can be tested. The results are puzzling.
The first accreting millisecond pulsar that was discovered, SAX J1808.4-
3658 with a spin frequency of 401 Hz, showed two kHz QPO peaks at
a separation of ∼ 195 Hz, consistent with half the spin frequency (Wij-
nands et al., 2003). As new systems became available with two kHz QPO
peaks and a spin period, their difference appeared to be close to νspin if
νspin < 400 Hz, but close to νspin/2 if νspin > 400 Hz (see Me´ndez and
Belloni, 2007). However, ∆ν is not constant for any single source, so the
association cannot be exact. It was then shown that the existing data are
also consistent with ∆ν being independent of spin and distributed around
300 Hz in all sources (Me´ndez and Belloni, 2007, see also Figure 1.19).
However, examining sources separately one can see that the values of ∆ν
as a function of one of the two frequencies seem to ‘know’ the value of
νspin or νspin/2 (see e.g. Barret et al., 2005a; Migliari et al., 2003).
Frequency correlations
Excluding NBOs and FBOs, the characteristic frequencies of all com-
ponents in the PDS of NS LMXBs, whether in the form of QPO or broad-
band noise, correlate positively and different sources follow the same cor-
relations (usually expressed as a function of the frequency of the upper
kHz QPO, νu (see van Straaten et al., 2005; Linares et al., 2005). There
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Figure 1.4 Left panel: PDS of the NS LMXB 4U 1608-52 where the ‘twin
peaks’ of the kHz QPOs are evident (from Me´ndez et al., 1998). Right
panel: kHz QPO centroid frequency as a function of X-ray colour for all
RXTE detections in 4U 1636-53. Coloured dots correspond to pairs of simul-
taneously detected lower (red) and upper (blue) kHz QPOs. Black points
indicate single detections. (From Sanna et al., 2012). c©AAS. Reproduced
with permission.
are two exceptions. The first is that the frequency of the so-called hecto-
Hertz QPO component remains constant around ∼ 100 Hz as νu varies as
much as one order of magnitude. The second is that for accreting millisec-
ond X-ray pulsars, some systems show displaced correlations that can be
reconciled with the others only by multiplying the frequencies of both kHz
QPO by a factor ∼ 1.5. Incidentally, with this factor the ∆ν value for these
sources would also become ∼ 300 Hz (Me´ndez and Belloni, 2007). Among
these correlations, one is particularly important for theoretical models
(see Section 1.5): that between νHBO and νu. It can be fitted rather well
with a quadratic dependence (Psaltis et al., 1999b), although in the case
of GX 17+2 it was found to deviate for νu >1000 Hz (Homan et al., 2002).
While when examining kHz QPO the data are usually plotted in terms
of ∆ν vs. νu, a more direct plot is that of νl vs. νu, i.e. the frequency of the
lower QPO vs. that of the upper QPO (Belloni et al., 2007a). This plot
for a set of sources can be seen in Figure 1.5. One can see that multiplying
both frequencies by a factor 1.5 (see above) would bring the two accreting
millisecond pulsars SAX J1808.4-3658 and XTE J1807-294 on the general
correlation. The lines in the figure will be discussed below.
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Figure 1.5 Correlation between lower and upper kHz QPO in NS LMXB.
The points labeled ’Black Hole Binaries’ are included for comparison, al-
though some of them have since then been reconsidered (see text). The
dark area correspond to lower frequency larger than upper frequency. The
lines are: y=1.5x (solid thin), y=3x (dashed) and the relation between the
periastron-precession and the Keplerian frequencies for a NS of 2 M (solid
thick). (From Belloni et al., 2007a).
1.3 Black-Hole binaries
1.3.1 States and state-transitions
Most of the known BHBs are LMXBs and most of them are transient. As in
the case of NS systems, the large accretion rate swing in transients leads to
a complex time evolution that can be subdivided into a number of separate
states. These states are separated by marked transitions in either spectral or
timing domain. Two main states were originally identified in the persistent
system Cyg X-1 (Tananbaum et al., 1972) and more were added when the
first transient BHBs were discovered and observed (Miyamoto et al., 1992,
1993; Belloni et al., 1996, 1997; Me´ndez and van der Klis, 1997). As shown
below, a more solid state classification and outburst evolution has emerged,
with obvious links to that of NS LMXB presented above.
Most known BHBs are transient, spending most of the time in their ‘quies-
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Figure 1.6 Hardness-Intensity diagram for four outbursts of GX 339-4 ob-
served with RXTE. Each point corresponds to an observation and the lines
connect them in time sequence. The dashed line represents a rather large
time gap.
cent’ state at a luminosity below 1033 erg/s. At those low levels of accretion,
X-ray observations yield few photons and detailed studies are not possible
(see Plotkin et al., 2015, and references therein). Recent observations con-
firmed that the energy spectrum in quiescence is softer than that in the hard
state (see below). Transients leave the quiescent state with a recurrence time
that ranges from months to decades, as the accretion rate onto the BH in-
creases by several orders of magnitude due to the onset of thermal-viscous
instabilities (see Lasota, 2016, for a review). During the outburst, the X-ray
luminosity can approach the Eddington limit; typical durations are from a
few days to several months, with a noticeable exception being the bright
system GRS 1915+105, whose outburst started in 1992 and at the time of
writing has not ended.
During an outburst, the spectral properties at X-ray energies change dras-
tically, as does the fast variability: in addition to slow variations, rapid
transitions are observed that led to the identification of source states, which
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are clearly related to the two original Cyg X-1 states. The sixteen years of
dense observations with the RossiXTE satellite have led to a coherent pic-
ture to describe these variations in terms of few states, which have a clear
correspondence to those of NS LMXBs shown above (whose outbursts are
associated with the same instabilities). The X-ray light curves of different
outbursts, even from the same recurrent source, can be very different, as
they are influenced also by differences in the time evolution of the accre-
tion rate. However, a clear pattern appears in most systems when a HID is
produced. As in the case of NS LMXBs, different instruments will yield dif-
ferent HIDs and even different sources will be influenced by the interstellar
absorption along their line of sight, but the pattern is strong and repeats in
case of outbursts of the same source. The classical case is that of GX 339-4:
Figure 1.6 shows the HID for four consecutive outbursts of this prototypical
system. It is clear that the evolution of the four outbursts is the same, only
the levels at which the main transitions take place and the time-scales for
the overall evolution change. The first outburst, from 2002, is marked in
black to make it more visible. Following it, as time progresses the source
follows the q-shaped path in counterclockwise direction, starting from the
bottom right. The full outbursts starts in quiescence, well below the diagram
in the figure. As mentioned above, the quiescent energy spectrum is softer
in quiescence, which means that below the figure frame the stem of the ‘q’
must bend to the left. The two original states correspond to the two vertical
branches in the HID. The one at high hardness obviously corresponds to the
low-hard state (LHS), the one on the left to the high-soft state (HSS). There
are persistent systems that spend most of their time in the LHS, like Cyg X-
1, and others that are found mostly in the HSS, like LMC X-3. Others, like
LMC X-1, appear to be always in the same state, HSS in this case. The LHS
branch is not really vertical, but shows a significant softening as the flux
increases, while the large scatter observed in the HSS is partly caused by
the magnification caused by the log scale. The similarity with the diagrams
shown in Figures 1.1 and 1.2 is evident. The same hysteretic behaviour is
visible, leading to a loop-like path traveled counterclockwise. This means
that consistently the hard to soft transition takes place at a higher flux (and
possibly accretion rate) than the reverse soft to hard transition. Cyg X-1
does show transitions between hard and soft, but within the uncertainties
the two transitions appear not to show hysteresis (Belloni, 2010).
Particularly interesting are the points in between the LHS and HSS, which
have been classified into two intermediate states. They are observed as tran-
sitions from hard to soft and from soft to hard, but also shorter excursions
from the HSS into these states can be observed. The exact positions of the
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transitions cannot be seen in Figure 1.6, but can be measured precisely by
monitoring other parameters such as the timing properties and infrared flux
(see Belloni et al., 2005; Homan et al., 2005b). Two intermediate states have
been identified, called hard-intermediate state (HIMS) and soft-intermediate
state (SIMS) (see Belloni, 2010; Belloni et al., 2011; Belloni and Motta,
2016). The boundary between them is very well defined in terms of tim-
ing properties and transitions have been observed as fast as a few seconds.
Although not too evident in Figure 1.6 because of the large scatter in the
HS points (partly due to the log scale), there are several small transitions
between intermediate states, which can be seen clearly in the fast timing
properties (see below and Belloni et al., 2005; Casella et al., 2004). Not all
sources display a perfectly shaped and repeatable ‘q’ diagram, but the gen-
eral evolution is similar. Two systems, GRO J1655-40 and XTE J1550-564
have in addition a diagonal track in the upper part of the diagram, which
has been called ‘anomalous’ or ’hyperluminous’ state. Here the energy spec-
trum and timing properties are complex and it seems to correspond to cases
when accretion rate continues to increase after the bright HSS is reached.
There is substantial agreement on the fact that it is mass accretion rate
driving the outburst and therefore the evolution along the HID. On a ‘clean’
diagram like that in Figure 1.6, the Y coordinate can be taken as a proxy
for accretion rate: it increases from quiescence all the way to the upper left
corner of the diagram, then decreases again down to quiescence. The ver-
tical evolution is caused by accretion rate, but there is non agreement on
what causes the horizontal evolution, in particular the two main transitions
from hard to soft and from soft to hard. One possibility is that of a second
parameter being involved, although a model based on the system memory
has been proposed (Kylafis and Belloni, 2015). A systematic difference be-
tween the shape of HIDs of low- and high-inclination has also been found
(Mun˜oz-Darias et al., 2013). Of course the interpretation of the evolution
must rely ultimately upon detailed spectral analysis and the multiple com-
ponents present in the energy spectra all contribute to the positioning in the
HID; however, the HID is a clean way to present the evolution during an
outburst and the inclination dependence would have been very difficult to
discover from energy spectra alone (see Kylafis and Belloni, 2015; Petrucci
et al., 2008).
In summary, a schematic HID for a BH transient is the one in Figure 1.7,
where a second diagram is also included, the HRD, where the Y axis rep-
resents the integrated fractional variability in the Power Density Spectrum.
It is evident that in this diagram there is no hysteresis and all points align
along a general line from high variability in the LHS to very low levels of
16 Black-hole and neutron-star binaries
Figure 1.7 Schematic evolution of a BH transient in the HID (above) and
HRD (below). The four states are marked. Large letters indicate corre-
sponding points in the two diagrams. The ‘jet line’ marks the ejection of
superluminal jets at relativistic speeds (From Belloni and Motta, 2016).
variability in the HSS. Only the points corresponding to the SIMS deviate
from the general correlation, being characterised by lower variability (and
very different timing features, see below)
1.3.2 Energy spectra
The Energy spectra of BHBs are also complex, but the absence of a solid
surface simplifies their disentanglement. The differences between spectra in
different states are major and the transitions difficult to follow.
• Low-Hard State The energy spectrum is, obviously, hard and its main
component can be roughly approximated with a power law with a photon
index 1.5–1.8 and a high-energy cutoff that can extend up to ∼ 100 keV
(see Figure 1.8). Even before the discovery of the cutoff, the presence of
such a hard component was suggested as a direct evidence of a BH nature
of the compact object, but a hard tail was then also observed in low-
luminosity neutron-star binaries (see above). Most models associate this
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component to Comptonisation of softer photons from an optically thick
accretion disk by electrons in a corona of either thermal or non-thermal
nature (see Gilfanov, 2010), or possibly hybrid (see e.g. Del Santo et al.,
2008). Alternative models for the hard emission have been presented: bulk-
motion Comptonisation, where the disk photons are energised by inverse
Compton interaction with a fast converging flow (see Turolla et al., 2002,
and references therein). Alternatively, since we know that relativistic col-
limated jets are present in hard states, the corona can be replaced with
the base of the jet and the direct contribution of the jet to the observed
emission has been considered (see Markoff, 2010). A common problem of
Comptonisation models is that they depend on the geometry of the emit-
ting region in a way that cannot be disentangled from intrinsic physical
properties of the plasma, which means that additional information (such
as fast timing variability or multi-wavelength observations) is needed in
order to remove the degeneracy (see e.g. Petrucci, 2008). In addition, a
strong components from reflection of hard photons off a thermal disk is
observed, in the form of a broad emission line and a continuum compo-
nent at higher energies (see Miller, 2007), as in the case of NS systems
(see above).
For systems with low interstellar absorption, a thermal disk component
is observed at low energies, modelled as a disk blackbody with a low tem-
perature at the inner radius (see e.g. McClintock et al., 2003). However,
there is disagreement as to what the inner radius of the disk is. Timing
measurements suggest that the accretion disk is truncated at rather large
radii, but the presence of strong reflection components leads to the op-
posite conclusion, namely that the disk extends to radii close to the BH
(see Belloni and Motta, 2016, and references therein). Notice that the fits
to the disk component are complicated by the presence of absorption and
by the fact that at a fixed temperature the inner radius of the disk is
determined by the normalization of the fit component (see Kolehmainen
et al., 2014).
The LHS has been studied in detail in the persistent system Cyg X-
1, which spends most of its time in that state (Wilms et al., 2006) and
in transients. As shown above, this state occurs at the beginning of the
outburst, but also at the end, when the flux is lower, extending into the
quiescent state. The ouburst decay properties also have been studied ex-
tensively (see Kalemci et al., 2013; Dinc¸er et al., 2014). The number of
available observations at lower luminosity levels is much lower, due to
the need of more sensitive instruments like those on board Chandra and
XMM-Newton. In the bright LHS, the spectrum hardens as the source
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Figure 1.8 Examples of LHS (GRO J0422+32 and GRS 1716-249) and HSS
(GRO J1655-40) broad-band energy spectra. (From Grove et al., 1998).
c©AAS. Reproduced with permission.
dims, but as luminosity goes down below ∼ 10−2LEdd it starts soften-
ing until the spectral photon index reaches a ‘plateau’ value of ∼ 2 (see
Sobolewska et al., 2011; Plotkin et al., 2013).
• High-Soft State- In the HSS, the energy spectrum is dominated by a ther-
mal disk component, with an inner temperature of the order of 1 keV and
extending to radii close to the BH. The original model of an optically thick
and geometrically thin disc represents well the observations (Shakura and
Sunyaev, 1973). However, the high statistics makes it possible to fit the
spectrum with a more complex accretion disc model in order to take into
account of all emission properties and estimate a precise value for the in-
ner radius (see Davis et al., 2005). Assuming the radius is at the innermost
stable circular orbit, this leads to the measurement of BH spins (see Mid-
dleton, 2016). As the HSS is observed over a wide range of luminosities
and the inner radius is not observed to vary, the decay in mass accretion
rate leads to a progressive softening of the spectrum. At high energies,
an additional weak hard component is observed, often variable between
observations (see Figure 1.8). The characterisation of this component is
difficult due to its faintness and the dilution by the disk component at
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Figure 1.9 Examples of intermediate-state energy spectra from GX 339-4.
The violet spectrum is an example of LHS for comparison. The spectral fits
are with a hybrid Comptonisation model, a thermal disk and a reflection
complex. (From Del Santo et al., 2008)
low energies (Grove et al., 1998; Zdziarski et al., 2012). Reflection fea-
tures have been observed also in the HSS, where again measurements are
complicated by the direct disk emission (Steiner et al., 2016).
• Intermediate States The energy spectrum during intermediate states is
indeed intermediate. The transition from a hard spectrum dominated by
a Comptonisation component featuring a weak disk component to a soft
spectrum dominated by a disk component is gradual (see Figure 1.9). Fits
with hybrid Comptonisation models indicate that the spectral evolution is
drive by a decrease in the ratio between electron heating and soft cooling
flux from the disk (Del Santo et al., 2008). In GX 339-4, the high-energy
cutoff in the spectrum, which decreased from 120 keV to 60 keV as the flux
increased in the LHS, showed a marked increase in the HIMS up to above
100 keV, after which it became too high to be detected by RXTE (Motta
et al., 2009). Whether it was still detected in the only SIMS observation
is unclear, as only one observation was made in that state. The same
behaviour was observed in GRO J1655-40 (Motta et al., 2009; Joinet et al.,
2008). On the return track from soft to hard state, sources go through
the same intermediate states (see Figures 1.6 and 1.7). The main spectral
differences compared to the high-flux branch are a softer disk component
and a flatter hard component, whose photon index reaches LHS values at
the start of the HIMS (Stiele et al., 2011).
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1.3.3 Timing properties
As mentioned above, the movement on the HID is determined by spectral
variations, but the discrete states are defined in terms of timing properties,
which show marked variations corresponding to specific hardness levels. In
analogy of what done above for NS systems, I will present the main char-
acteristics of timing features distinguishing low and high frequencies (see
Motta, 2016, for a recent review).
Low frequencies
In addition to noise components that can be very strong and completely
dominate the variability, three LFQPOs have been identified, corresponding
to different source states (see Casella et al., 2005). Their properties are dif-
ferent and they have been detected simultaneously in a few cases, confirming
that they are different signals, although of course this does not rule out the
same physical origin.
• Type-C QPO. These are the most common low-frequency oscillations,
observed in the HIMS and in the bright LHS. They have been detected
also in the HSS (see e.g. Motta et al., 2012). Its centroid frequency is
anti-correlated with hardness: in the LHS it can be below 0.1 Hz, in the
HIMS it is typically 1–10 Hz and in the HSS it can reach 30 Hz (see Belloni,
2010; Belloni and Motta, 2016). Type-C QPOs are rather strong, reaching
up to 20 % fractional RMS, and narrow, with a Q factor ∼ 10. Their
centroid frequency varies over a large range (0.1–15 Hz) and they appear
associated to band-limited noise components (see Figure 1.10). Often a
second harmonic peak is detected, rarely a third harmonic. In many cases,
a sub-harmonic feature at half the QPO frequency is also seen (see e.g.
Takizawa et al., 1997; Casella et al., 2004; Rao et al., 2010; Motta, 2016).
The frequency of type-C QPO correlates positively with the characteristic
frequencies of noise components (see below). A strong anti-correlation is
observed between the QPO centroid frequency and the fractional RMS
measured over a broad frequency range (not the RMS of the QPO itself,
Casella et al., 2005; Motta et al., 2011).
• Type-B QPO. These oscillations are the defining trait of the SIMS. The
peaks are relatively strong around ∼ 4 − 5 % RMS and with Q larger
than 5. In contrast with type C, they are observed over a limited range
of frequencies (∼ 1 − 7 Hz). They are sometimes observed with a second
harmonic and a sub-harmonic, which at times can be as strong as the
fundamental (the so-called ‘cathedral’ QPO, see Casella et al., 2004, and
Figure 1.10, left panel). They are associated with a power-law noise with
1.3 Black-Hole binaries 21
Figure 1.10 Left panel: PDS from GRS 1915+105 in its C state, corre-
sponding to the HIMS (from Ratti et al., 2012). Right panel: two examples
of type-B QPO from GX 339-4 in the SIMS, shifted in power for clarity.
In the top one the QPO does not have harmonics, in the second one the
subharmonic peak is as strong as the fundamental (the so-called ‘cathedral’
QPO).
a few % fractional RMS, which means the QPO dominates the observed
variability (see Figure 1.10). The centroid frequency is observed to vary
rapidly with a typical time-scale of ∼ 10 s. (Nespoli et al., 2003; Casella
et al., 2004; Motta et al., 2011). Rapid transitions have been observed
between this QPO and the other types, with transition times as short as
a few seconds (Nespoli et al., 2003; Casella et al., 2004; Motta et al., 2011).
In GX 339-4, a strong correlation was found between centroid frequency
and source flux above 6 keV, where the disk contribution is negligible.
For type-C QPOs there is a general anti-correlation, although not so tight
(Motta et al., 2011). A few observations at very high flux of GX 339-4
have led to the simultaneous detection of a type-B and a type-C QPO,
confirming that the two oscillations are different (Motta et al., 2012).
• Type-A QPO. This QPO is also associated with weak power-law noise, but
the peak is much more blunt, with Q≤ 3. Its centroid frequency is always
around 6–8 Hz. Given these characteristics that make it more difficult to
detect and characterise, not many details are know. No harmonic content
appears to be present, although the low coherence of the peak make it
difficult to study additional peaks. These QPOs are observed in the HSS,
close to transitions from the SIMS (see Casella et al., 2004; Motta et al.,
2012).
• Noise components
In the LHS, the variability is very strong and dominated by band-limited
noise components. As shown in the HRD in Figure 1.7, the total fractional
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Figure 1.11 Power density spectrum of a set of RXTE observations of
GX 339-4 in hard state. The best fit with four Lorentzian components is
shown. The quality of the fit in the 0.1–1 Hz range is poor because of vari-
ability between the observations (see Nowak, 2000).
RMS can be as high as 40 %. As in the case of NS LMXBs presented above,
the PDS can be decomposed into the sum of at least four separate com-
ponents, called called Lb, LLF , L` and Lu (see Belloni et al., 2002, and
Figure 1.11, left panel). The first fits with flat-top Lorentzian components
were made by Olive et al. (1998) on a NS and a BH system, but the
first systematic attempt of replacing power laws with broad Lorentzians
was presented by Nowak (2000) and further generalized by Belloni et al.
(2002). The Lb, L` and Lu are broad, usually represented by zero-centered
Lorentzians, while LLF is the type-C LFQPO more evident in the HIMS.
A study of a large number of RXTE observations of Cyg X-1, most of
which taken in the LHS, revealed a complex relationship between the pa-
rameters of the four Lorentzians in this source (Pottschmidt et al., 2003).
In X-ray transients, as flux increases and the spectrum softens in the LHS,
the characteristic frequencies of the four components increase and their
fractional RMS decreases, until at the onset of the HIMS L` and Lu are
normally not detected anymore due to their frequency being too high and
their RMS too low. Since these results come from the analysis of RXTE
data, the RXTE/PCA instrument has a lower energy threshold of ∼ 3 keV
and most X-ray transients suffer of high levels of interstellar absorption, in
most cases the PCA only detects photons from the high-energy component
and cannot see the thermal disk component (see above). Therefore, the
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observed variability can only originate from the Comptonised component.
However, observations of GX 339-4 with XMM-Newton have led to the dis-
covery that in the LHS on time-scales longer than a second the variability
of the thermal disk, detected below 3 keV, leads that of the hard compo-
nent, while the reverse happens on faster time-scales. The conclusion is
that in the LHS the thermal disk variability is responsible for the hard-
component one, while on short time-scales disk heating effects reverse the
casual connection (Uttley et al., 2011). This result is supported by the ob-
servation that on long time-scales the thermal-disk variability is stronger
than the one from the Comptonised component (Wilkinson and Uttley,
2009). Another important observational results, which appears to hold
in other states other than the LHS, is the so-called ‘RMS-flux’ relation:
the total (not fractional) RMS is linearly correlated with the observed
count rate. This property cannot be explained in terms of older models
involving the superposition of randomly occurring ‘shots’ and is naturally
interpreted in terms of propagating-fluctuation models (see Lyubarskii,
1997), in which the slower variations from the outer parts of the accre-
tion disk propagate inwards and are then further modulated at higher
frequencies by more internal portions of the disk.
In the HIMS the noise is dominated by the high-frequency extension
of Lb and the characteristic frequencies continue to increase as the en-
ergy spectrum softens. A thermal disk component starts contributing to
the RXTE energy band, but the fractional RMS at those energies de-
creases in a way compatible with all variability being associated to the
hard component, while the detected thermal-disk flux is not variable. This
is in marked contrast with what discussed above for the LHS, meaning
that the disk varies more when not observable, but becomes ‘quiet’ when
dominating the flux. Broader studies have shown that the RMS-flux rela-
tion originally observed for the LHS is present across states, with rather
complex properties (see Mun˜oz-Darias et al., 2011; Heil et al., 2012).
After the transition to the SIMS the band-limited noise components dis-
appear and are replaced by a steep power-law component. The variability
can be as low as ∼ 1 fractional RMS.
High Frequencies
The first High-frequency QPO (HFQPO) from a BHB was detected dur-
ing the first year of RXTE operation in the bright and peculiar transient
GRS 1915+105 (Morgan et al., 1997). Its frequency was around 65–67 Hz,
with a Q value of ∼ 15 and a fractional RMS amplitude of 1–1.6 %. How-
ever, after sixteen years of observations of BHBs, only few detections in
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Figure 1.12 Left panel: detections of single HFQPO peaks in GRO J1655-
40, peaking at ∼ 300 Hz and ∼ 450 Hz. Right panel: detections of single
HFQPO peaks in XTE J1550-564, peaking at ∼ 180 Hz and ∼ 280 Hz (from
Belloni et al., 2012).
other systems have been found (see Belloni et al., 2012; Motta, 2016).
These are XTE J1550-564 (Remillard et al., 1999b; Homan et al., 2001;
Miller et al., 2001; Remillard et al., 2002), GRO J1655-40 (Remillard et al.,
1999a; Strohmayera, 2001), XTE J1650-500 (Homan et al., 2003), H1743-322
(Homan et al., 2005a; Remillard et al., 2006c), and IGR J17091-3624 (Al-
tamirano and Belloni, 2012). Detections were reported also for XTE J1859+226
(Klein-Wolt et al., 2004) and 4U 1630-47 (Klein-Wolt et al., 2004) although
their significance appears to be low.
From this limited number of detections we have now the following obser-
vational picture, where GRS 1915+105 is dealt with as a separate case.
• In one source, GRO J1655-40, there is a significant detection of two si-
multaneous peaks, at ∼ 300 Hz and ∼ 440 Hz, with other detections of
single peaks around the same value (see Fig.1.12, left panel), although sta-
tistically different (Strohmayera, 2001; Belloni et al., 2012; Motta et al.,
2014a). In XTE J1550-564 two separate peaks have been detected around
180 Hz and 280 Hz (see 1.12, right panel), but not at the same time, al-
though in one case there is a hint of a second peak (Miller et al., 2001). It
is tempting to consider them two separate peaks, although comparisons
based on phase lags suggest that they might be the same component
changing frequency (Me´ndez et al., 2013). Besides this consideration, the
variations in the centroid frequency of all HFQPOs are minor, suggesting
they are associated to fixed frequencies.
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Figure 1.13 Top panels: detections of single HFQPO peaks in GRO J1655-
40, peaking at ∼ 300 Hz and ∼ 450 Hz. Bottom panels: corresponding phase-
lag spectra. (from Me´ndez et al., 2013).
• The fractional RMS of HFQPOs is between 1 and 6, but it is strongly
energy dependent, being much stronger at high energies. Quality factors
are in the range 1–5.
• All detections correspond to observations at high flux. While this could be
due to a sensitivity bias for weak signals, in GRO J1655-40 and XTE J1550-
564 it is clear that all detections correspond to the ‘anomalous’ or ‘hy-
perluminous’ state, which can be observed at higher fluxes than those
shown in the diagrams above (see Belloni, 2010; Belloni et al., 2012). No
detection is reported in the LHS and in the HSS, indicating that they are
associated to intermediate states, while connected to the hard component
as their RMS is highest at energies >10 keV.
• When two peaks are observed simultaneously, in GRO J1655-40 and GRS 1915+105,
the lower peaks has soft lags and the upper peak has hard lags (see Fig-
ure 1.13; Me´ndez et al., 2013). For XTE J1550-564, as mentioned, the
180 Hz and 280 Hz peaks have similar lags, which suggests they might
be the same peak at different frequency.
• In the case of GRO J1655-40 and XTE J1550-564, the frequencies of the
two peaks are around a 3:2 ratio (see Abramowicz and Kluz´niak, 2001).
• The case of GRS 1915+105, as in many other respects, needs to be treated
separately. The original detection was of a peak at 65–67 Hz (Morgan
et al., 1997). Since the observations where the oscillation was found showed
very strong variability on time-scales of 10–20 s, a flux-selected analysis
led to the discovery of another peak at 27 Hz, not simultaneous to the
67 Hz one (Belloni et al., 2001). Shortly afterwards, a 41 Hz peak simulta-
neous to the 67 Hz one was discovered from a subset of RXTE observations
(Strohmayerb, 2001). A semi-automatic study of all RXTE observations
for a total exposure time of 5 Ms led to the detection of 51 QPO peaks
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Figure 1.14 Left panel: double HFQPO in GRS 1915+105 (from Belloni
and Altamirano, 2013a). Right panel: distribution of the detection of single
HFQPOs in GRS 1915+105 (from Belloni and Altamirano, 2013b).
in as many observations. Most of the centroid frequencies were in the
63–71 Hz range (see Figure 1.14, left panel), indicating that ∼ 67 Hz (the
average value) must be a fundamental frequency in the system (Belloni
and Altamirano, 2013b). A time-resolved analysis indicates that the de-
tections are confined to a restricted region of the HID of GRS 1915+105
(which has a peculiar and complex shape), again corresponding to the
highest count rates (Belloni and Altamirano, 2013b). An additional peak
at 34 Hz (see 1.14, right panel), simultaneous with the 67 Hz one and con-
sistent with half of its frequency, was found in data corresponding to a
subregion in the HID, just as the 41 Hz one corresponded to a separate
subregion (Belloni and Altamirano, 2013a). This system showed therefore
multiple centroid frequencies: 67 Hz, 27 Hz, a pair 41–67 Hz and a pair
34–67 Hz. The sequence 27:41:67 corresponds to 2:3:5, while 34:67 is 1:2.
Independent of the model, 67 Hz is too low to be the Keplerian frequency
at the innermost stable circular orbit for GRS 1915+105, being too slow
even for the highest mass allowed for the BH in the system (Reid et al.,
2014) and zero spin.
1.4 Comparison between NS and BH systems
Comparison
When a new galactic transient X-ray source is observed in the sky, even in
absence of detected pulsations or X-ray bursts, unambiguous telltales of the
presence of a NS, in most cases the X-ray properties are sufficient for the
identification of the nature of the compact object, although not a conclusive
one as no definitive criterion for the presence of a BH in the system has
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yet been found. Below, I will outline the main differences and similarities in
X-ray properties between classes of sources.
1.4.1 Quiescent emission
BH transients in quiescence have a very low X-ray emission that contrasts
with the relative optical brightness of the accretion disk, a discrepancy that
can be solved with the presence of an advection-dominated accretion flow
(ADAF), where the flow is radiatively inefficient (see Narayan et al., 1996).
However, in the case of a NS, the advection energy stored in heat in the
ADAF is not lost through the event horizon and must be released on the
star’s surface. Therefore, the quiescent luminosity of a NS transient is ex-
pected to be lower than in the BH case, given the same accretion rate. Ac-
cretion rate depends on the binary orbit, with tighter systems being fainter
(see Menou et al., 1999), but is not expected to be different between differ-
ent classes of systems. Deep observations with current instruments confirm
both statements (see Figure 1.15). The theoretical situation is however more
complicated and the claim that this results is an indication of the existence
of event horizons has been critically discussed by Abramowicz et al. (2002).
1.4.2 X-ray bursts
Thermonuclear X-ray bursts are X-emission originating on the surface of a
NS and as such a direct evidence of the presence of said surface. It follows
that, by definition, none of the currently known BHBs has shown an X-ray
burst. However, it has been suggested that the absence of X-ray bursts can
be taken as an indication of the absence of a surface and therefore as an indi-
cation of the BH nature of a source (Narayan and Heyl, 2002). A statistical
analysis of RXTE data in relation to burst models confirmed numerically
this statement (Remillard et al., 2006b). Also in this case, Abramowicz et al.
(2002) have criticised this approach as a detection of the presence of an event
horizon.
1.4.3 Energy spectra
As mentioned in the introduction, several spectral ‘signatures’ have been
proposed in the past to identify the presence of a BH in an X-ray binary
The very soft thermal component observed from the accretion disk in soft
states cannot be considered as a signature, as low-B neutron-star binaries
can have accretion disks extending to roughly the same inner radius as BHs.
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Figure 1.15 Quiescent luminosity for X-ray transients as a function of
orbital period. Only the lowest observed value for each system is shown.
Filled symbols represent BH binaries, empty symbols neutron-star binaries.
(From Garcia et al., 2001). c©AAS. Reproduced with permission.
Measurements of inner disk radii through high-resolution spectroscopy are
also unlikely to yield results that would allow a strong identification. A good
discussion of this comparison throughout the full spectrum can be found in
Lin et al. (2007), but no clear dividing line between classes of systems is
found.
The hard component (often referred to as ‘hard tail’), which in the past
was compared simply in terms of flux or power-law index, can now be also
analysed in terms of more complex physical models. Recently, Wijnands
et al. (2015) reported the results of the spectral analysis of a sample of NS
LMXBs showing that at lower luminosities, in the range 1034−−1035 erg/s,
BH systems have systematically harder (lower power-law photon index)
spectra than NS (see 1.16). The separation between classes of sources ap-
pears to be marked and additional data will be able to test this method.
Another recent proposal for a clear distinction between classes of sources
was presented by Burke et al. (2016). Fits with Comptonisation models to
RXTE data of systems in the hard state show that BH and NS systems
display different values of parameters. BHs correspond to higher values of
the Comptonisation parameter y and higher amplification ratio A (hard flux
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Figure 1.16 Plot of photon index - luminosity for a sample of NS and
BH X-ray binaries (from Wijnands et al., 2015). c©AAS. Reproduced with
permission.
divided by seed flux). While the y−A relation appears to be common, there
is a clear segregation (Burke et al., 2016).
Comparing the evolution of both transient and persistent systems in the
HID, one can see that there is no major difference, indicating that the un-
derlying physics must be, as expected, the same (see Mun˜oz-Darias et al.,
2014). At the same time, results like those of Burke et al. (2016) and Lin
et al. (2007) indicate that the same models can be applied, with significant
differences in physical parameters.
1.4.4 Time variability
The comparison of fast-timing properties in BH and NS sources is com-
plex, but very promising. The deconvolution of PDS into a combination of
Lorentzian components (Olive et al., 1998; Belloni et al., 2002) has allowed
a homogeneous treatment of all systems, allowing to link different classes of
sources across different states (see Figures 1.3 and 1.11). Comparing the two
figures one can see that in the hard states the power distribution appears
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similar: a more peaked (QPO) component, a broad component at lower fre-
quencies (Lb) and two broad components at higher frequencies (L` and Lu).
The main difference between the NS and BH case is that the relative power
of L` and in particular Lu are higher in the NS case. Indeed, the difference
in power above 10–50 Hz has been proposed as an empirical method to dis-
tinguish BH from NS binaries (Sunyaev and Revnivtsev, 2000). In the hard
states, no counter-example has been found. Sunyaev and Revnivtsev (2000)
interpret it as an effect of the presence of a boundary layer in NS binaries,
although the presence of the same number of components in the PDS seems
not to be consistent with this idea.
The identification of similar components in both classes of systems (see
Belloni et al., 2002) has allowed a detailed comparison. Identifying the most
common QPO in BHBs (type-C) with the HBO in NS systems (see be-
low) and comparing its frequency with that of the Lb component has led
to a rather tight correlation (called WK correlation, see Figure 1.17 and
Wijnands and van der Klis, 1999). Z sources appear to deviate from the
correlation, which otherwise extends over three orders of magnitude (see Bu
et al., 2015, for an updated version). Belloni et al. (2002) added data to the
correlation and noticed that there is a parallel correlation following a 1:1
relation, when characteristic frequencies are considered. However, the noise
component related to these points was found to be an additional one (Lh).
The WK correlation connects two homogeneous observables through differ-
ent classes of systems and indicates that the underlying phenomenon does
not depend on the nature of the compact object. There is the indication of
a segregation of BHB points to lower frequencies, but this is expected on
the basis of mass scaling.
There is another correlation that links different classes of systems over
three orders of magnitude, the so-called PBK correlation (Psaltis et al.,
1999a; Belloni et al., 2002). Unlike the WK correlation, here non-homogeneous
quantities are included. The version of the correlation by Belloni et al. (2002)
is shown in Figure 1.18, modified to remove incorrect points and to add the
two points from Motta et al. (2014a,b) (see below). For NS binaries with kHz
QPO, what is plotted in Figure 1.18 is the frequency of the HBO versus that
of the lower kHz QPO. For hard state sources, both containing BH and NS,
the plotted quantities are the type-C QPO for BH or the low-frequency QPO
for NS versus the characteristic frequency of the lower of the high-frequency
broad component L`. Added to the plot are the two only RXTE detections
of a HFQPO and a simultaneous type-C QPO for BHBs from Motta et al.
(2014a,b). Therefore at x<20 Hz the y axis includes a broad component,
and at x>100 Hz it includes the lower kHz QPO. The 20–100 Hz interval
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Figure 1.17 Frequency of type-C QPO and HBO vs. break frequency for
a sample of NS and BH systems. Left panel: BHB in black, atoll sources
in red and accreting millisecond pulsars in cyan. Panel: all points from the
left panel in black, Z sources in red and sources with more than one QPO
is observed in cyan. (From Wijnands and van der Klis, 1999).
is covered by points from the anomalous Z-source Cir X-1, which bridges
the gap in the plot. Although there seems to be a parallel correlation at
very high frequencies, the correlation is very well defined and links not only
BH and NS sources, but also broad and narrow components, suggesting
that the broad features observed in the hard state mark the same physi-
cal frequencies as kHz QPOs (and HFQPOs) in softer states. Interestingly,
an extension of this correlation by three more orders of magnitude at low
frequencies has been presented when adding the frequencies of dwarf-nova
oscillations and quasi-periodic oscillations observed in the optical band from
cataclysmic variables (Warner et al., 2003). The extension of the correlation
looks impressive, although it is not clear how to relate the signals observed
in a different band from white dwarf systems, where the inner region of the
accretion flow cannot exist due to the physical size of the compact star (more
below).
As presented above, at low frequencies NS binaries feature three ‘flavors’
of QPOs: HBOs, NBOs, and FBOs and three are the ‘flavors’ of BH QPOs:
type A,B, and C. We have seen compelling evidence that links HBOs and
type-Cs. Casella et al. (2005) compared in detail the QPO types and sug-
gested a one-to-one correspondence between them, with NBOs correspond-
ing to type-B and HBOs to type-C. More work is needed to build on these
similarities. Motta et al. (2011) on the basis of the analysis of a large sample
of observations of GX 339-4 suggested the possibility that type-A QPOs are
high-frequency extensions of type-C QPOs.
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Figure 1.18 PB correlation as published by Belloni et al. (2002), with
HFQPO points removed as many of them were later found not to be
significant. Two points were added (five-point stars in the upper right),
corresponding to the two simultaneous detections of type-C and HFQPO
analysed in Motta et al. (2014a,b).
Of course it is natural to explore the possibility that the two kHz QPOs
and the two HFQPOs are the same signal observed in the vicinity of neu-
tron stars and BHs respectively. The comparison is not simple, as very few
HFQPO have been detected until now. There are clear phenomenological dif-
ferences: kHz QPOs are observed to span a rather broad range of centroid
frequencies, while the frequencies HFQPOs appear to vary only slightly if
they vary at all. Moreover, the fact that kHz QPOs have been observed fre-
quently and HFQPOs have not, implies that the typical fractional RMS of
the latter must be lower. Until new observations with more sensitive instru-
ments are available, it is difficult to make a full comparison.
1.4.5 Mass measurements from X-rays
Spectral analysis, whether from the continuum emission or from fluorescence
lines, does not yield a mass for the compact object, which must be assumed
on the basis of optical observations. Adding timing information can deliver
this information, but of course a model must be assumed. The problem
with past and current observatories is that they were optimised for either
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timing or high-resolution spectral analysis, which means that coordinated
observations are needed, introducing further complication. A comparison
was attempted on the NS binary 4U 1636-53 with simultaneous observations
with RXTE and XMM-Newton (Sanna et al., 2014). The inner disk radius
obtained by the fitting of a relativistically distorted profile to the iron emis-
sion line was combined with the information from the upper kHz QPO under
the assumption (see below) that it represents the Keplerian frequency at the
same radius. Six separate couples of simultaneous observations yielded in-
consistent results on the mass, indicating that either one of the model is not
correct or the two signatures do not originate from the same radius.
Fast time variability offers a potentially unique possibility for the study
of effects of General Relativity in the strong-field regime and to discrimi-
nate the nature of the compact object. The information from timing signals
like QPO centroid frequencies is essentially model-independent and must
originate in the innermost regions of the accretion flow. In the recent years,
several models have been proposed for the interpretation of these signals and
almost all of them include the presence of frequencies from General Relativ-
ity. In particular, in almost all cases the highest detected feature corresponds
to the Keplerian frequency at a certain radius, which can be the ISCO or
larger (see above). Ideally, a successful model must be able to apply to both
the NS and BH cases and explain the main observable facts outlined in
the previous sections. One particular model (called relativistic precession
model, hereafter RPM) has received particular attention. The model iden-
tifies the three observed frequencies (type-C and HFQPOs for BH binaries,
HBO and kHz QPOs for neutron star binaries) to a combination of funda-
mental frequencies set by General Relativity. The low-frequency peaks are
identified with the nodal precession frequency (Lense-Thirring), while the
high frequency peaks would be the periastron precession frequency and the
Keplerian frequency, all corresponding to the same orbit, which identifies a
‘special’ radius in the accretion flow (see Stella and Vietri, 1998, 1999; Stella
et al., 1999). This model has the advantage of being extremely simple, rely-
ing on basic relativistic frequencies, and at same time with the disadvantage
of being extremely simple, as it associates the frequencies to a special radius,
but does not address the issues of how the oscillation is produced and why
that (variable) radius is special (it cannot be the ISCO, as the two highest
frequencies are identical at ISCO.
Originally applied to a sample of pairs of kHz QPOs, this model did
not provide a precise fit, but provided frequencies in the correct range and
with roughly the correct dependence (see the left panel in Figure 1.19 and
Stella and Vietri, 1999; Boutloukos et al., 2006). Applied to Figure 1.19
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(where accreting millisecond pulsars are not included), the model makes
three predictions, all of which observed: that the difference ∆ν between the
centroids of kHz QPOs must increase at low frequencies, decrease at high
frequencies and have a maximum around 350–400 Hz. The increase part is
covered only by data from Cir X-1, a rather anomalous Z source (Boutloukos
et al., 2006). The decrease part is more scattered, as expected if not all NS
have the same mass, although the source with the highest statistics, Sco X-1,
shows a decrease, steeper than expected (see Stella and Vietri, 1999). Notice
that a more direct way to examine the relation between the frequencies of
the two kHz QPO peaks is plotting one versus the other (see Figure 1.5,
where the RPM prediction for 2 M is shown). In this plot, Cir X-1 and
Sco X-1 are marked separately, as are accreting millisecond X-ray pulsars,
which are systematically below the correlation and can be brought back to
it only by multiplying both frequencies by a factor 1.5 (see Section 1.2.3).
The RPM was found also to interpret naturally the PBK correlation, which
also contains very broad features (Stella et al., 1999), although it would not
be applicable to the white-dwarf case because of the size of the compact star
being too large.
Within the RPM there is no direct dependence of kHz QPOs from the spin
of the NS (although the model lines would be slightly modified by rotation)
and indeed there is evidence that the spin does not have influence (see
Section 1.2.3): Figure 1.19 (extended from that in Me´ndez and Belloni, 2007)
shows the distribution of all published ∆ν values (again without millisecond
accreting pulsars) with a simple Gaussian fit, indicating that the typical ∆ν
value is around 300 Hz. Why accreting millisecond pulsars, the only systems
where we directly observe the pulsation, are shifted by a factor 1.5 is unclear,
although also considering correlations involving the HBO suggest that both
kHz peaks are shifted, but not the HBO (see van Straaten et al., 2005;
Linares et al., 2005).
To test the validity of the model and the relation to the spin frequency
one needs an extreme source, either very slow or very fast. In 2010, an
accreting accretion-powered pulsar with a rotation frequency of 11 Hz was
discovered in outburst (Bordas et al., 2010). Unfortunately, only one kHz
QPO was observed and it was not possible to discriminate between the (in-
)dependence on spin (∆ν was expected to be ∼ 11 Hz or ∼ 300 Hz in the two
scenarios). However a low-frequency QPO was observed in six observations,
moving in the range 35–50 Hz, which was identified as a HBO because of its
intrinsic properties and positioning in the correlation diagrams (Altamirano
et al., 2012). Together with the observed kHz QPO, this results to be fast
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Figure 1.19 Left panel: plot of the difference ∆ν between the centroid
frequencies of kHz QPO pairs as a function to the centroid of the upper
peak (after Stella and Vietri, 1999; Boutloukos et al., 2006) for all RXTE
detections in the literature from NS LMXBs (excluding accreting millisec-
ond pulsars). The lines are predictions from the RPM for three NS masses
(indicated in solar masses). Right panel: distribution of all ∆ν values on
the Y axis of the plot in the left panel (after Me´ndez and Belloni, 2007).
The line is a Gaussian fit with centroid ∼ 305 Hz.
to be associated to with Lense-Thirring frequency at the same radius. More
observations will be needed to firmly confirm the lack of association.
The curves in the left panel of Figure 1.19 can be calculated also for BHs,
i.e. higher masses, and obviously would lie to lower frequencies, merging
with the others at their low end. For a 10 M BH, the curve would peak
around 120 Hz. Of course for low-frequency broad features the model does
not allow to discriminate the compact object, but notice that Figure 1.19
indicates that the RPM identifies all sources excluding Cir X-1 as NSs.
As mentioned above, there are only a few detections of HFQPOs and
fewer detections of pairs of them. Moreover, the presence of HFQPOs seems
to be mutually exclusive with that of type-C QPOs. However, there is a
single observation of GRO J1655-40, the only RXTE observation in twelve
years of operations, in which all three frequencies (one type-C and two HFQ-
POs) have been observed (see Strohmayera, 2001, and Figure 1.20). From
these three values, measured with considerable precision, it has been pos-
sible to apply the RPM relations and obtain three physical parameters:
the radius R of the orbit to which they are related, the mass M and the
spin a of the compact object (Motta et al., 2014a). The derived parameters
are R=5.677±0.035 rg, M=5.307±0.066M, and a=0.286±0.003. Although
with a small error bar, the derived mass is compatible with the precise dy-
namical measurement of M=5.4±0.4M (Beer and Podsiadlowski, 2002).
Being based only on one detection, this result will have to be corroborated
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Figure 1.20 Power density spectrum of the only RXTE observation of a
BHB with a triplet of QPOs. The main panel shows the 18 Hz type-C QPO,
the inset shows the high-frequency part in two separate energy bands to
highlight the two HFQPOs. (From Motta et al., 2014a).
by more observations, but in principle this would constitute the first direct
evidence of the presence of a black hole in an X-ray binary, as well as a
precise measurement of its spin. In addition, since a and M define fully the
system, it is possible to measure the radius of the ISCO and therefore the
maximum values that the frequencies of the three peaks can reach. While the
few detections of HFQPOs are all around the same values, a large number
of type-C frequencies were measured throughout the two outbursts of this
system, and their frequencies are distributed between 0.1 Hz and 28 Hz, the
latter only marginally above the maximum value allowed by the model (red
points in Figure 1.21, see Motta et al., 2014a). If confirmed by more data,
this constitutes a direct measurement of the presence of the ISCO. Finally,
adding all detections of broad components in the PDS, identified as ν` and
νu (black points in Figure 1.21, the PBK correlation), they line along the
prediction of the model.
The same analysis can be done on the only observation of XTE J1550-564
that shows a type-C and a single HFQPO (Motta et al., 2014b). Here the
third parameter needed to solve the system of GR equations cannot be the
second HFQPO, so the mass measured from optical observations was used.
The same analysis led to the measurement of a spin of a=0.34±0.01, with
all type-C frequencies being below the maximum ISCO values and the broad
components fitting the model.
The identification of the physical origin of the observed frequencies is not
sufficient for a solid model and a modulation process is necessary. A promis-
ing model has been proposed for the BH case, based on a thermal disk
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Figure 1.21 Frequency correlations in the full sample of RXTE observations
of GRO J1655-40. The red points represent type-C vs. type-C, therefore lie
on a 1:1 line. The three blue points are the frequencies of the triplet of
QPOs used to determine mass and spin of the BH. The black points are
the ν` and νu frequencies as a function of type-C QPO (ν` vs. type-C is the
PBK correlation).The lines are the dependencies predicted by the RPM for
Keplerian, periastron precession and nodal precession (from top to bottom)
for the best fit parameters from the blue points. The red band indicates the
maximum nodal frequency set by the presence of an ISCO in the system.
(From Motta et al., 2014a).
with an inner truncation radius, below which the accretion flow is geometri-
cally thick model consistent with spectral models (see e.g. Poutanen et al.,
1997). This model interprets type-C QPO as arising from the frame-dragging
precession of the inner flow, where the flux is modulated by effects like self-
occultation, relativistic effects and changes in projected area. Although each
radius has a different precession frequency, the overall result is an oscillation
at a frequency intermediate between those at the outer and inner boundary
of the geometrically thick precessing region (Ingram et al., 2009), with the
broad-band noise arising from propagation effects (see above and Ingram
and Done, 2010, 2011; Ingram and van der Klis, 2013). This model does not
address (yet) the high-frequency oscillations nor the case of NSs, but it is
being investigated further through the search and detection of modulation
of the effects of the inner-flow precession on the properties of the radiation
reflected by the geometrically thin accretion disk. A modulation at the QPO
period of the iron line due to reflection has been detected, strengthening the
applicability of the model (Ingram et al., 2016).
Finally, an alternative model for low-frequency QPOs, the transition layer
model, interprets type-C QPOs as viscous magneto-acoustic oscillations of
38 Black-hole and neutron-star binaries
a spherical transition layer between the Keplerian flow and a sub-Keplerian
region near the BH (Titarchuk and Fiorito, 2004). This model predicts a
relationship between the photon index of the hard spectral component and
the frequency of the type-C QPO, which is used to measure the mass of the
BH (see Gliozzi et al., 2011).
1.5 Conclusions
In the sections above, I have presented the current standpoint in a selected
number of topics regarding X-ray emission from BH and NS binaries. The
past two decades have seen a dramatic increase in our knowledge of the pro-
cess of accretion onto compact objects. We now know that the presence of
collimated relativistic jets and powerful wind outflows from X-ray binaries,
which I did not touch here, is impossible to ignore if we want to understand
the physics of accretion. At the same time, high-resolution spectral infor-
mation, long-term coverage of transient systems and high-sensitivity timing
analysis have proven to be essential, in particular when combined. With cur-
rent instruments, we now have the tools to start disentangling the effects of
accretion that are in common between NS and BH sources and those con-
nected to the nature of the compact object. This will allow us to use these
powerful sources to study both astrophysics and basic physics, making the
best use of these cosmic laboratories.
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